Septins are highly conserved cytoskeletal elements found in fungi, mammals, and all eukaryotes examined thus far, with the exception of plants. The septin proteins assemble into filaments that lie underneath the plasma membrane (5, 16, 20) . In Saccharomyces cerevisiae, where they were first identified, septins are visible as electron-dense cortical rings at the mother bud neck (5) . In multicellular organisms, they are found at the cleavage furrow and other cortical locations (14, 34, 48, 63) . Consistent with their localization, septins have been shown to be required for cytokinesis in yeast, Drosophila melanogaster, and mammalian cells (14, 26, 35) .
Recent evidence in yeast has demonstrated that septins participate in a variety of other cellular processes, including cell morphogenesis (19, 25, 32) , bud site selection (6, 18, 56) , chitin deposition (9) , cell cycle regulation (4, 40) , cell compartmentalization (3, 36a) , and spore wall formation (13, 61) . In mammalian cells, septins are involved in exocytosis (31) . Since septins participate in many cellular processes, it is not surprising that a diverse set of proteins have been found associated with the yeast septin cytoskeleton (12, 21, 28 ). The precise manner in which these proteins interact with septins at a molecular level has not been investigated previously.
The septins have a highly conserved structure. They contain a central GTP-binding domain flanked by a basic region at the amino terminus, and most septins contain a coiled-coil domain at the carboxy terminus (15) . In mammalian cells, the function of the basic region is to bind phosphoinositides. In vitro experiments have shown that the basic region of the H5 septin protein was able to specifically bind phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P 2 ] and phosphatidylinositol (3, 4, 5) triphosphate [PI(3,4,5)P 3 ]; mutation of the basic residues abolished this binding (66) . The role of this domain has not been analyzed in vivo, and the functions of the GTP-binding and coiled-coil domains have not been studied previously.
We have investigated the in vivo functions and biochemical activities of the different domains of the yeast septin Cdc11, with the goal of understanding how septins assemble, localize, and function within the cell. In yeast, five septins, Cdc3, Cdc10, Cdc11, Cdc12, and Shs1, localize to the mother bud neck in vegetatively growing cells (24, 46) . Cdc3 and Cdc12 are essential for growth at all temperatures (38) , whereas Cdc10 and Cdc11 are required only at elevated temperatures (18, 20) . Shs1 is a nonessential septin (46) . Cells containing temperature-sensitive mutations in either CDC3, CDC10, CDC11, or CDC12 delay at a G 2 checkpoint (4) and arrest at the restrictive temperature, forming extensive chains of highly elongated cells (25) .
In this study, we have made mutations in each of the different domains of Cdc11 (15, 31) and have investigated their effects on Cdc11 function, localization, and activity. We find that the different domains have distinct roles in vivo and in vitro. The basic region is required for binding to phosphatidylinositol 4-phosphate [PI(4)P] and phosphatidylinositol 5-phosphate [PI(5)P] and for localization. The GTP-binding domain is required for septin-septin interactions, localization, and neck targeting, and the carboxy terminus of Cdc11 is important for localization and interactions with Cdc3 and the polarity protein Bem4. Our results provide insight into septin assembly and targeting within the cell and how septins interact with other proteins to carry out their diverse functions.
MATERIALS AND METHODS
Yeast strains. For morphological and localization studies, we used a haploid cdc11-⌬::HIS3 strain obtained from the diploid strain YAC662 (CDC11/cdc11⌬:: HIS3 SWE1/swe1⌬::LEU2 in an S288c background) expressing CDC11 constructs from the CDC11 promoter in the centromeric pRS414 plasmid (7) . A pep4-3 ura3-52 yeast strain (47) was used for protein expression. The SEY6210 background (49) was used for the study of stt4-4 and pik1-83 mutants, and the PJ69-4A background (29) was used for the two-hybrid experiments. Yeast media and standard techniques were described previously (51) .
Plasmids and recombinant DNA techniques. Constructs used for morphology studies were prepared in the pRS414 plasmid (7) ; each construct has 654 bp upstream and 297 bp downstream of the CDC11 open reading frame. The mutations cloned are indicated in Table 1 ; details of their construction are available upon request. For localization studies, C-terminal fusion constructs of Cdc11 with the green fluorescent protein (GFP) GFP(S35T) (39) in pRS414 were used; these constructs also express the Cdc11 proteins from the endogenous promoter. Expression constructs were cloned into the pEGH plasmid (68) , which overexpresses the proteins as six-His double-tagged amino-terminal glutathione S-transferase (GST) fusions from a galactose-inducible promoter. A complete list of those constructs with their relevant features is provided in Table 1 . The sequences of the primers used to generate those constructs are available upon request. The different plasmids were transformed into yeast strain YAC662 by the lithium acetate method (23) .
Standard recombinant DNA techniques were performed as described previously (52) . Yeast genes and gene fragments were amplified by PCR with a 4:1 mix of Taq (Qiagen) and Pfu (Stratagene) polymerases using genomic or cloned DNA. PCR amplification products were gel purified with the GeneClean kit (Bio101 Systems) before use. Sequences of all amplified and cloned DNA products, as well as DNA sequences of the mutated clones, were verified by automatic DNA sequencing (W. M. Keck Foundation Biotechnology Resource Laboratory, Yale University).
In order to delete CDC11, the entire CDC11 open reading frame was replaced with the PCR-generated selectable marker HIS3 by the method described previously (41) (details upon request). The swe1-⌬::LEU2 deletion has been described previously (43) .
Determination of the sequence of cdc12-1. To determine the DNA sequence of cdc12-1, the gene was amplified by PCR from genomic DNA and cloned into the pCR2.1-TOPO plasmid (Invitrogen). Six independent clones were sequenced. All clones differed in only one nucleotide from the corresponding CDC12 annotated sequence, causing a change in one amino acid. The Gly227 present in Cdc12 (encoded by a GGG codon) was replaced by Glu (GAG codon in cdc12-1). This is an important change, since it introduces a negative charge in a conserved region of the septin protein.
Preparation of the yeast GST-septin fusions. To purify the yeast proteins Cdc3, Cdc10, Cdc11, and Cdc12, 50-ml cultures of the pep4 strain carrying the described constructs in the pEGH vector were grown in synthetic complete medium (SI) without uracil with raffinose as the primary carbon source for 7 h at 30°C. Protein expression was induced at an optical density at 600 nm of 1.0 by adding 5.5 ml of a filtered aqueous solution containing 40% (wt/vol) galactose. After 4 h of growth at 30°C, yeast cells were collected by centrifugation and washed two times in cold water, and yeast cell pellets were kept frozen at Ϫ70°C.
Fusion proteins were purified at 4°C as follows. 2m  pAC100  pEGH-GST-6xHIS  68  pAC101  pEHG-GST-6xHIS-CDC3  68  pAC102  pEGH-GST-6xHIS-CDC10  68  pAC103  pEGH-GST-6xHIS-CDC11  68  pAC104  pEGH-GST-6xHIS-CDC12  This study  pAC105  pEGH-GST-6xHIS-CDC11-1-45  This study  pAC106  pEGH-GST-6xHIS-CDC11-1-258  This study  pAC107  pEGH-GST-6xHIS-CDC11-⌬347-415  This study  pAC108  pEGH-GST-6xHIS-cdc11-G29A, G32A, G34A  This study  pAC109  pEGH-GST-6xHIS-cdc11-R12Q pAC200  pGBDU-C1  29  pAC201  pGBDU-C1-CDC11  This study  pAC202  pGBDU-C1-CDC3  This study  pAC203  pGBDU-C1-CDC12  This study  pAC204  pGBDU-C1-cdc11-347-415  This study  pAC205  pGBDU-C1-cdc11-⌬347-415  This study  pAC206  pGBDU-C1-cdc11-1-100  This study  pAC207  pGBDU-C1-cdc11-101-217  This study  pAC208  pGBDU-C1-cdc11-218-415  This study  pAC209  pGBDU-C1-cdc11-⌬347-415, N40E  This study  pAC210  pGBDU-C1-BEM4  This study  pAC250  pGAD-C1  29  pAC251  pGAD-C1-CDC11  This study  pAC252  pGAD-C1-cdc11-347-415  This study  pAC253  pGAD-C1-cdc11-⌬347-415 This study a All plasmids were the 2m type.
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with 300 l of cold zircon beads (0.5-mm diameter). Cells were lysed by 2 min of vigorous shaking at 4°C. After lysis, samples were centrifuged for 1 min at 13,000 ϫ g, and the protein extract was kept on ice. Five hundred microliters of fresh lysis buffer was added to the cell pellet, and the lysis and spin process was repeated four more times. Extracts obtained were pooled and cleared by centrifugation at 13,000 ϫ g for 10 min at 4°C. The supernatant was mixed with 400 l of Sepharose-glutathione beads (Pharmacia) equilibrated in lysis buffer, and the volume of the suspension was increased to 10 ml by adding fresh cold lysis buffer. The binding incubation was performed for 1 h at 4°C with rocking. Proteins bound to the Sepharose-glutathione beads were washed 3 times with lysis buffer containing 0. 32 P]GTP along with 2 M cold GTP at 23°C for 15 h. The protein present in each reaction mixture was filtered through a nitrocellulose membrane (Hybond-C Extra; Amersham) using a manifold filtration device, and the membrane was washed several times with cold reaction buffer before detection of the [␣-
32 P]GTP bound by autoradiography. A fourth aliquot was used to quantify, by immunoblot analysis, the GST fusion protein present in the reaction mixtures using polyclonal anti-GST antibody (Upstate Biotechnology). As positive and negative controls, the GTP binding of Cdc42 and GST, respectively, were also analyzed (Cdc42 data are not shown).
Phosphoinositide-binding assays. The binding of recombinant proteins to lipids was detected by protein lipid overlay assays (8, 11) . We used commercial strips of nitrocellulose (phosphatidylinositol phosphate [PIP] strips) purchased from Echelon (Salt Lake City, Utah), in which 100 pmol of each phosphoinositide were immobilized. Membranes were blocked for 60 min at room temperature in binding buffer containing 10 mM Tris (pH 7.4), 150 mM NaCl, 3% bovine serum albumin (fatty acid-free), and 0.1% (vol/vol) Tween 20. GST fusion proteins were eluted from glutathione-Sepharose beads immediately before each experiment by incubation with a final concentration of 20 mM glutathione in binding buffer. About 2 g of each recombinant GST fusion protein was incubated separately overnight at 4°C with a PIP strip in 3 ml of buffer. After the strip was washed, GST was visualized by conventional Western blotting using a polyclonal rabbit anti-GST antibody (Upstate Biotechnology).
For the protein pull-down assays, we used PI(4)P-bound agarose beads, pur-FIG. 1. Schematic representations of the cdc11 alleles used in this study. cdc11-⌬12-16 (⌬12-16) and cdc11-⌬18-20 (⌬18-20) contain deletions of five and three residues, respectively, located in the polybasic region. The cdc11-R12Q, K13Q, R14Q, K15Q, H16Q mutant (R12Q, K13Q, R14Q, K15Q, H16Q) has the positively charged residues deleted in cdc11-⌬12-16 replaced by the neutral glutamine (Q). cdc11-R12Q, K13Q, R14E, K15Q, H16Q (R12Q, K13Q, R14E, K15Q, H16Q) is similar to the previous mutant but has a glutamic acid (E) in position 14. cdc11-G29A, G32A, G34A (G29A, G32A, G34A) has been mutated in its nucleotide-binding P loop by replacing three glycine residues with alanine. The cdc11-R35A (R35A), cdc1-G230E (G230E), and cdc11-N40E (N40E) alleles have the indicated point mutations, and the coiled-coil domain of Cdc11 has been removed in the cdc11-⌬347-415 (⌬347-415) mutant.
FIG. 2. Effect of the mutation Cdc11
G29A, G32A, G34A on GTP binding. Equal amounts of purified GST-Cdc11 and GSTCdc11 G29A, G32A, G34A proteins were incubated in triplicate in the presence of [␣-32 P]GTP before being filtered onto a nitrocellulose membrane. The [␣- 32 P]GTP present on the membrane after washes was detected by autoradiography (A), and the intensity of the spots was quantified (B). The quantity of protein present in each sample was determined by immunodetection, using an anti-GST antibody (C). . Purified recombinant GST proteins were eluted from the gluthathione-Sepharose beads that had been equilibrated in binding buffer as described above. About 2 g of each GST fusion protein was incubated with the PI(4)P-agarose beads overnight at 4°C in the binding buffer. After extensive washes with the binding buffer, 1 volume of 2ϫ Laemmli sample buffer was added to the beads, and the bound protein was eluted by heating the samples to 95°C for 5 min. Eluted proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and detected by Western blotting using the polyclonal rabbit anti-GST antibody.
To test the effects of GDP and ␥-S-labeled GTP on binding of GST-Cdc11 to phosphoinositides, we used 10 g of purified protein in each experiment and the methods described previously (58, 67) . Briefly, GST-Cdc11 bound to glutathioneSepharose beads was washed three times and resuspended in 100 l of Trisbuffered saline buffer containing 1 mM EDTA. ␥-S-labeled GTP or GDP was added to a final concentration of 100 M or 1 mM, respectively. The bead suspension was incubated at 30°C for 15 min, and the loading reaction was stopped by addition of MgCl 2 to a final concentration of 60 mM. Protein was eluted from the glutathione-Sepharose beads in Tris-buffered saline buffer containing 60 mM MgCl 2 and 20 mM glutathione and incubated with blocked PIP strips in the blocking buffer described above containing 60 mM MgCl 2 .
Two-hybrid analyses. Yeast two-hybrid analyses were performed using the Gal4-based system (29) . The different DNA fragments used for two-hybrid analyses were inserted between the EcoRI and PstI restriction sites of the vectors pGAD-C1 and pGBDU-C1 (29) . PCR-amplified DNA fragments containing the region to be expressed flanked by sequence present in the destination vectors were used to cotransform yeast cells together with the EcoRI/PstI-digested destination vectors. The collection of plasmids used for the two-hybrid assays are listed in Table 2 . Primers used for the construction of the plasmids are available upon request. The yeast reporter strain PJ69-4␣ was transformed with the GAL4 activation domain-containing pGAD-C1 vectors (LEU2 marked), whereas the PJ69-4a strain was transformed with the GAL4 DNA-binding domain pGBDU-C1 plasmids (URA3 marked). To test for interactions, diploid cells, resulting from mating of appropriate haploid strains, were isolated and tested for the reporter genes of this system (HIS3, ADE2 and lacZ). In order to test the GAL4-driven transcription activity of the HIS3 reporter, cells from log-phase cultures in synthetic complete (SC) medium minus leucine and uracil were spotted or streaked onto plates of SC medium minus leucine, uracil, and histidine (containing 1 mM 3-aminotriazole where indicated). The spots contained similar cell densities.
Examination of cell morphology and subcellular localization. Mid-log-phase cells grown for 7 h at the indicated temperatures were fixed for 10 min with 2% formaldehyde. Fixed cells were then washed and resuspended in phosphatebuffered saline solution. Cells were examined by phase-contrast and differential interference microscopy using a Leitz Aristoplan microscope, and the images were captured using a Princeton Micromax charge-coupled device camera and Scanalytics IPLab software. The same cultures were used to examine the localization of the GFP-tagged proteins. Random fields of cells for each sample were visualized under the fluorescence microscope, and the localization of the GFP was recorded and quantified as described previously (53) .
RESULTS

Different domains of Cdc11 are important for function.
Cdc11 has three domains ( Fig. 1 ): a short region comprised of basic amino acids near the amino terminus (residues 12 to 16 and residues 18 and19), a central domain which is homologous to small GTPases (residues 23 to approximately 259), and a potential coiled-coil domain at the carboxy terminus (residues 360 to 415).
To determine the functions of these different regions, we first prepared a series of mutations that specifically affected each domain (Fig. 1) . Two deletion mutations, cdc11-⌬12-16 and cdc11-⌬18-20, which remove different segments of the basic domain were constructed. We also constructed two replacement mutations, cdc11-R12Q, K13Q, R14Q, K15Q, H16Q and cdc11-R12Q, K13Q, R14E, K15Q, H16Q, that substitute the basic residues with either uncharged glutamine residues or glutamine residues plus one acidic residue, respectively. Two strains containing mutations in the conserved residues of the putative P-loop motif, cdc11-G29A, G32A, G34A and cdc11-R35A were also prepared. Analogous mutations in other GTPases prevent GTP binding and nucleotide hydrolysis (22, 36, 54, 64) . We tested whether wild-type Cdc11 binds GTP and whether the cdc11-G29A, G32A, G34A allele is defective in binding using in vitro assays. As shown in Fig.  2 , the GST-Cdc11 fusion protein binds GTP, but the GSTCdc11 G29A, G32A, G34A exhibited a severe defect in GTP binding. Additional mutations in the GTPase domain were also To determine the roles of each region of Cdc11 in vivo, we analyzed the abilities of centromeric plasmids containing the different alleles to complement a cdc11-⌬ strain (see Materials and Methods). In order to determine the subcellular locations of the different mutant proteins (described below), the constructs were fused to the GFP coding region and analyzed as Cdc11-GFP fusion proteins. The Cdc11-GFP protein is fully functional. At 23°C, cdc11-⌬ strains exhibit severe growth and morphological defects; the cells are highly elongated and are defective in cytokinesis, resulting in chains of elongated cells. cdc11-⌬ cells containing the CDC11-GFP allele are indistinguishable from wild-type cells in growth and morphology at all temperatures tested, 23, 30, and 37°C (compare Fig. 3A , B, and C).
Mutations in the basic region cause loss of CDC11 function. The most severe defect is observed in the cdc11-⌬12-16 strain; this strain fails to complement the morphological defects of the cdc11-⌬ strain at all temperatures (Fig. 3D ) and grows almost as slowly as the cdc11-⌬strain. cdc11-R12Q, K13Q, R14E, K15Q, H16Q, cdc11⌬18-20 and cdc11-R12Q, K13Q, R14Q, K15Q, H16Q strains exhibit temperature-sensitive defects. At 23°C, cdc11-R12Q, K13Q, R14E, K15Q, H16Q displays moderate defects in morphology and cytokinesis, whereas the defects of cdc11⌬18-20 and cdc11-R12Q, K13Q, R14Q, K15Q, H16Q strains are mild (Fig. 3E, F , and G). At 30°C, the defects are more severe, and at 37°C, the strains are similar to the cdc11-⌬ strains. Thus, the basic region is important for Cdc11 function.
Deletion of the coiled-coil domain revealed that it is required for Cdc11 function at elevated temperatures. The cdc11-⌬347-415 strain exhibits only a modest morphological defect at 23°C, with a subset of cells (Ͻ15%) exhibiting slightly elongated buds and cytokinesis defects. At 30 and 37°C, the defect is more severe, and all cells are highly elongated and exhibit cytokinesis defects (Fig. 3H) . Therefore, the coiled-coil domain is also required for proper Cdc11 function, particularly at higher temperatures.
Mutations in the GTPase domain yielded different effects depending upon the nature of the mutation. Surprisingly, cdc11-G29A, G32A, G34A cells, which are defective in nucleotide binding ( Fig. 2) , had morphologies and growth rates similar to those of wild-type cells (Fig. 3I) . Only modest morphological defects were observed at 37°C. Similar results were obtained when the cdc11-R35A mutation was analyzed (data not shown). The cdc11-G230E mutation produced a temperature-sensitive defect similar to the defect caused by the cdc12-1 allele (25). cdc11-G230E cells were similar to wild-type cells at 23°C but exhibited more-pronounced defects in growth and morphology at both 30 and 37°C; at 37°C, they were similar to cdc11-⌬ cells (Fig. 3J) . cdc11-N40E cells also exhibit temperature-sensitive morphological defects similar to those of cdc11-G230E cells, except that the defect was not as severe at 37°C (Fig. 3K) . These results indicate that sequences in the GTPase domain are important for Cdc11 function, especially at elevated temperatures, but that GTP binding is not required at moderate and low temperatures.
To ensure that these results were not affected by the presence of GFP at the carboxy terminus, we also analyzed the cdc11-⌬12-16, cdc11-⌬18-20, and cdc11-⌬347-415 alleles on a centromeric plasmid without the GFP fusion. Results identical to those found for the GFP fusion alleles were observed (data not shown). Taken together, these results indicate that the basic region of Cdc11 is required for function, the coiled-coil domain and other parts of the GTPase domain are required at the elevated temperatures, and GTP binding is not required for Cdc11 function. . Therefore, it was reasonable to test whether yeast septins might bind phospholipids, although we expected that septins would not bind PI(3,4,5)P 3 , since yeast cells lack this phospholipid (10) .
We first tested the abilities of GST-Cdc3, GST-Cdc10, GSTCdc11, and GST-Cdc12 to bind a collection of phosphoinositide lipids spotted onto a membrane. As shown in Fig. 4 , all four yeast septins tested bind PI(4)P and PI(5)P and have much lower affinities for PI(3,4)P 2 , PI(3,5)P 2 , PI(3,4,5)P 3 , and PI(3)P. Interestingly, the septins do not significantly bind phosphatidic acid, phosphatidylserine, phosphatidylethanolamine, phosphatidylinositol (PI), lysophosphatidic acid, lysophosphocholine, or sphingosine 1-phosphate. Thus, the four septins specifically bind a subset of phosphoinositides.
The GDP-bound form of the mammalian H5 septin is required for binding to phospholipids (66) . To determine whether guanine nucleotide binding is required for the interaction of Cdc11 with PI(4)P and PI(5)P, we tested the different mutants for their abilities to bind to the different phosphoinositides. The mutant Cdc11 lacking the C-terminal coiled-coil domain, GST-Cdc11 ⌬347-415 , and the GTP-binding site mutant, GST-Cdc11 G29A, G32A, G34A each bound PI(4)P or PI(5)P as well as wild-type Cdc11, indicating that neither guanine nucleotide binding nor the coiled-coil region is important for binding (Fig. 5A) .
We also studied the roles of nucleotide binding in septin interaction with PI(4)P and PI(5)P using a different assay. GST-Cdc11 was first loaded with GDP and ␥-S-labeled GTP, and the samples were then incubated with the membrane containing the different phosphoinositides. As shown in Fig. 5B , GDP-bound GST-Cdc11 and ␥-S-labeled GTP-bound GSTCdc11 proteins bound equally well to PI(4)P and PI(5)P. These (Fig. 5C ) in order to bind phosphoinositides (66) . To identify the region of Cdc11 required for phosphoinositide binding, we tested whether truncated Cdc11 proteins containing only the amino-terminal sequences, GST-Cdc11 1-45 and GSTCdc11 1-258 , bound to different phospholipids. Both of these constructs bound to PI(4)P and PI(5)P, like the full-length protein, indicating that a phospholipid-binding domain lies at the amino terminus (data not shown). To determine if the basic region of Cdc11 is required for binding, we tested whether the GST-Cdc11 R12Q, K13Q, R14Q, K15Q, H16Q and GSTCdc11 R12Q, K13Q, R14E, K15Q, H16Q proteins would bind lipids. As shown in Fig. 5D , GST-Cdc11 R12Q, K13Q, R14Q, K15Q, H16Q bound extremely poorly and GST-Cdc11 R12Q, K13Q, R14E, K15Q, H16Q failed to bind the lipids.
To confirm that the basic region at the amino terminus is important for lipid binding, we used a different approach consisting of a lipid pull-down assay. Commercial PI(4)Pagarose beads were incubated with GST-Cdc11 and GSTCdc11 R12Q, K13Q, R14E, K15Q, H16Q proteins. The beads were pelleted and washed, and the bound protein was eluted with sodium dodecyl sulfate and analyzed by immunoblot analysis. As shown in Fig. 5E , GST-Cdc11 associates with the PI(4)P-agarose beads (lane 3), but GST-Cdc11 R12Q, K13Q, R14E, K15Q, H16Q
does not (lane 4). Thus, the basic region at the amino terminus of Cdc11 is required for binding to phosphoinositides.
PI(4)P is necessary for proper in vivo septin organization.
To determine the role of PI(4)P in septin function in vivo, we investigated how the septin localization is affected in yeast cells defective for PI 4-kinase activity. In yeast, most of the PI 4-kinase activity is due to the products of the essential PI 4-kinase genes STT4 and PIK1 (2) .
In order to analyze the effect of low levels of PI(4)P on septin organization, we examined the localization of Cdc11-GFP in strains containing a temperature-sensitive allele (stt4-4 or pik1-83 or both) (2). Mid-log-phase cells growing at 23°C were either incubated at the same temperature or shifted to 37°C for 3 h. As shown in Fig. 6 , approximately 20% of the budded wild-type cells did not display a visible septin signal from the Cdc11-GFP fusion protein at permissive or restrictive temperatures. Similarly, approximately 20% of the budded stt4-4, pik1-83, and stt4-4 pik1-83 double mutant cells lacked Cdc11-GFP staining when cells were grown at 23°C. In contrast, the Cdc11-GFP staining was absent in 40% of the exponentially growing stt4-4 or pik1-83 budded cells at the restrictive temperature. Interestingly, 80% of the cells lacked Cdc11-GFP staining in stt4-4 pik1-83 double mutant strains (Fig. 6) . The correlation between the quantity of PI(4)P present in yeast cells and the number of cells with normal septin structures suggests that PI(4)P plays a role in either transport, formation, or stabilization of the septin cytoskeleton components.
Localization of Cdc11 requires the basic, GTP-binding, and coiled-coil domains, but not GTP binding. To determine the regions of Cdc11 necessary for localization to the bud neck, we examined the localization of the different mutant proteins tagged with GFP at their carboxy termini. These alleles were introduced into a cdc11-⌬ strain, and cells were grown at 23°C. Full-length Cdc11 fused to GFP localized as a ring at the incipient bud site in unbudded cells and at the bud neck in budded cells, as described previously (Fig. 7A and 8A ) (19) . Examination of the different Cdc11-GFP mutants revealed that several regions of the protein are important for localization. Deletion of the coiled-coil domain (Cdc11
⌬347-415
-GFP) or mutations in the basic region (Cdc11 R12Q, K13Q, R14E, K15Q, H16Q -GFP) resulted in significant defects in neck structures ( Fig. 7B and C); 60 to 70% of the cells contained either defective rings or rings misplaced in the bud (Fig. 8A) . Similar results were observed for the Cdc11 R12Q, K13Q, R14Q, K15Q, H16Q -GFP construct, although many of the cells contained patches in the bud instead of rings ( Fig. 7D and 8A) . Surprisingly, Cdc11
G29A, G32A, G34A -GFP and Cdc11 R35A -GFP proteins still localized normally at 23°C (Fig. 7E and 8A and data not shown), indicating that GTP binding is not important for localization. However, for both strains at 37°C, only 35% of the cells displayed normal localization (Cdc11 R35A -GFP data shown in Fig. 8B ). These results indicate that at 23°C, the basic region and the coiled-coil domain are required in for proper localization of Cdc11 cdc11-⌬ cells, but GTP binding is not; at 37°C, all three domains are required.
We also examined the effects of mutating other parts of the GTP-binding domain on Cdc11 localization. cdc11-⌬ cells containing Cdc11 G230E -GFP exhibited a temperature-dependent effect on subcellular localization. When cells were grown at 23 and 30°C, approximately 50 and 40% of the cells exhibited their proper localization at the bud neck, respectively. In con- ⌬347-415 -GFP (B and G), Cdc11-R12Q, K13Q, R14E, K15Q, H16Q -GFP (C and H), Cdc11 R12Q, K13Q, R14Q, K15Q, H16Q -GFP (D and I), or Cdc11 G29A, G32A, G34A -GFP (E and J). Cells were grown overnight at 23°C, diluted into fresh SC medium lacking Trp, grown until mid-exponential phase at the same temperature, and fixed. Different localization patterns are indicated by the arrows.
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on September 22, 2014 by UNIVERSITAT AUTONOMA DE BARCELONA http://mcb.asm.org/ trast, at 37°C, the mutant protein was always mislocalized to the bud tip and usually appeared as rings (Fig. 9) . In cdc11-⌬ cells expressing Cdc11 N40E , a similar but less severe temperature-sensitive defect was observed. Most of the cells exhibited normal Cdc11 localization at 23°C, but at 37°C, the percentage decreased to 40%; many of the defective cells formed rings, but they had aberrant shapes (Fig. 9) . Thus, although GTP binding is not required for Cdc11 localization, sequences in this domain are required for proper localization; the residue at position 40 is important for formation of normal rings, whereas the residue at position 230 is needed for targeting of the ring to the neck.
The aberrant localization of many Cdc11 mutant proteins is rescued by an extra copy of wild-type Cdc11. In addition to localizing the different Cdc11 variants in a cdc11-⌬ strain, we also analyzed a number of them in a wild-type cell. Interestingly, many of the proteins now localized normally. Cdc11 protein lacking its coiled-coil domain (Cdc11 ⌬347-415 -GFP) localized normally in more than 90% of the budded cells at 23°C (Fig. 7G and 8A) . Similarly, the presence of the native Cdc11 dramatically reduced the severe mislocalization of Cdc11 R12Q, K13Q, R14E, K15Q, H16Q -GFP and Cdc11 R12Q, K13Q, R14Q, K15Q, H16Q -GFP; more than 70% of these mutants localized normally ( Fig. 7H and I and  8A ). In addition, native Cdc11 also rescues the defective localization of Cdc11 R35A -GFP at 37°C (Fig. 8B) . Thus, the presence of a wild-type Cdc11 protein can help rescue the localization defect of many Cdc11 mutant constructs.
The coiled-coil domain is not required for Cdc11 interaction with itself or Cdc12 but facilitates interaction with Cdc3 and Bem4. The observation that mutant Cdc11 protein defects can be rescued by the presence of a wild-type protein suggests that Cdc11 directly or indirectly interacts with itself; the presence of the wild-type protein presumably helps target the defective protein to the mother bud neck. To determine whether Cdc11 can interact with itself or other septins, two-hybrid experiments were performed. It has been reported that Cdc11 interacts with Cdc12 and Bem4 by two-hybrid analyses and that Cdc11 and Cdc3 coimmunoprecipitate (12, 21, 28) . To determine whether Cdc11 can interact with itself, the coding region of CDC11 and fragments containing and lacking the coiled-coil domain were fused to the coding sequence of the GAL4 activation domain. Similarly, the same fragments were fused to the sequence of the GAL4 DNA-binding domain. Diploid cells coexpressing both constructs were examined for their ability to activate a Gal4-responsive HIS3 construct by conferring growth in the absence of histidine. They were also examined for their ability to activate Gal4-responsive lacZ and ADE2 genes. As shown in Fig. 10A , using the HIS3 assay, full-length Cdc11 protein interacts with itself and with a construct lacking the coiled-coil domain. Full-length Cdc11 does not interact with the coiledcoil domain, and a construct containing the coiled-coil domain does not interact with either full-length Cdc11 protein or any of the truncated forms, even though the fusion proteins were expressed and detected by immunoblot analyses (data not shown). Similar results were observed using ␤-galactosidase and adenine growth assays (not shown). Thus, the coiled-coil domain is not important for the interaction of Cdc11 with itself.
To further determine the region required for the association of Cdc11 with itself, a set of additional constructs were prepared and tested. We found that a central region of Cdc11 (residues 101 to 217) is sufficient for interaction with either full-length Cdc11 or the protein lacking the coiled-coil domain (Fig. 11A) . Thus, the interacting region can be delineated to a 117-amino-acid region in the center of the GTPase domain. Additional sequences likely influence interaction of Cdc11 with itself, because the Cdc11 N40E protein, which has a mutation not far from the septin interacting domain, fails to interact with Cdc11 constructs (Fig. 11B) . In summary, the entire GTPbinding domain of Cdc11 is not required for self-association, but an interacting region in the center of this domain is sufficient. The activity of the interacting region may be influenced by nearby residues (Fig. 11C) .
We also tested the interaction of Cdc11 with Cdc3 and Cdc12 using two-hybrid assays. Full-length Cdc11 and Cdc11 lacking the coiled-coil region interact with Cdc12, but only the full-length Cdc11 interacts well with Cdc3 (Fig. 10B) , suggesting that (i) the noncoiled-coil region is important for binding Cdc12 and (ii) the carboxy terminus facilitates interaction between Cdc11 and Cdc3. The carboxy terminus of Cdc11 alone does not interact with Cdc3, suggesting that other parts of the molecule are also important for this interaction. 
cdc11-⌬ cells expressing either Cdc11
G230E -GFP or Cdc11 N40E -GFP from a centromeric plasmid were grown overnight, diluted in fresh SC medium lacking Trp, and grown until mid-exponential phase for 7 h at the indicated temperatures. The cellular localization of Cdc11 G230E -GFP and Cdc11 N40E -GFP was examined in more than 200 budded cells. Examples of localization of both alleles are shown in the micrographs on the left, while quantification of the localization of alleles for the indicated categories at each temperature are shown in the graphs on the right.
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We also explored the interaction of Cdc11 with the polarity protein Bem4. Interestingly, full-length Cdc11, the amino terminus, and the coiled-coil domain each interact with Bem4. However, the truncated constructs of Cdc11 do not interact as strongly as the full-length protein does (Fig. 10B) . These results suggest that both the coiled-coil region and the sequence that comprises the basic region plus the GTPase domain interact with Bem4.
DISCUSSION
Although septins have now been found in a variety of organisms, few details as to their assembly and function have been elucidated. In this report, we have mapped several functional domains of the yeast septin Cdc11 and ascertained the functions of these domains in vivo. A basic domain which is required for binding to PI(4)P and PI(5)P was found; this domain is also important for proper localization and function (i.e., normal cell morphology, cytokinesis, and growth). A coiled-coil domain is also important for proper localization and function, especially at higher temperatures. This region is not required for self-assembly but facilities interaction with Cdc3 and can interact with Bem4. Last, the GTP-binding domain is important for interaction of Cdc11 with itself, other septins, and Bem4. This region is also required for proper localization and function. Unexpectedly, GTP binding is not essential for phospholipid binding, localization, or function at lower temperatures but is important for proper localization at higher temperatures. These observations provide a model for the function and assembly of septins.
The phosphoinositide-binding domain is important for phosphoinositide binding and localization. Previous studies have found that the mammalian H5 septin binds PI(4,5)P 2 and PI(3,4,5)P 3 (66) . Although PI(4,5)P 2 is present in yeast, it binds very poorly to Cdc3, Cdc10, Cdc11, and Cdc12. Instead, yeast septins preferentially bind to PI(4)P and PI(5)P (Fig. 4) . Two different pools of PI(4)P have been found in yeast cells which are synthesized by the PI 4-kinases Stt4 and Pik1. Stt4 localizes to the plasma membrane, and its activity is required for the maintenance of vacuole morphology, cell wall integrity, and actin cytoskeleton organization (1) . In contrast, Pik1 localizes to the nucleus and trans-Golgi membranes, and its PI(4)P product is a regulator of transport from the Golgi body membranes to plasma membrane (2, 57, 62) . Due to its very low basal levels, PI(5)P has only recently been identified in a few types of mammalian cells under particular activation states, and it has not yet been identified in yeast cells (59) . Our results using the stt4-4 mutant strain (Fig. 6) are consistent with the possibility that PI(4)P is likely to be present at the plasma membrane where it contributes to the septin organization, localization, or stability. Since pik1-83 cells also exhibit a decrease in the number of visible septin structures, we speculate that the septin-lipid interaction may initiate in the Golgi complex.
It is likely that the phosphoinositide-binding region of the yeast septins may help to anchor the septin complex to the membrane. Presumably, the multitude of binding sites present in a septin polymer would lead to a high-affinity interaction with the membrane. Phosphoinositide binding is important for proper localization of the Cdc11 septin complex; mutation of this site often results in mislocalized rings, many of which exhibit an aberrant structure (Fig. 7C, D, H, and I) . However, some cells with mutations in the region of basic residues exhibit normal rings. This residual normal localization may be due to the fact that most, but not all, of the basic residues have been eliminated or to the presence of other domains of Cdc11 that interact with plasma membrane components.
The results of our studies are consistent with those of other cytoskeletal elements. Although well-defined domains (e.g., PH domains) have been shown to specifically bind phospholipids, small stretches of basic amino acids have also been shown to bind these molecules (44) . Most of the cytoskeletal proteins that show phosphoinositide-binding properties (cofilin, profiling, gelsolin, ␣-actinin, and vinculin) have a lysine/ arginine-rich region involved in this activity, similar to the septins, indicating that this is a general feature of these proteins (27, 30, 42, 44, 60, 65) .
The GTPase domain is important for self-association, binding other proteins, and targeting to the mother bud neck. The GTPase domain was found to be important for association of Cdc11 with itself, with Cdc12, and with Bem4 by two-hybrid analysis (Fig. 10) . These results do not prove that these interactions are direct; they might be mediated through other members of the septin complex. Nevertheless, it is clear that these interactions occur through a region upstream of the coiled-coil domain. We found that a central region in this domain is required for interaction of Cdc11 with itself (Fig. 11A) , indicating that only a portion of this domain mediates the interaction. Since a mutation in a residue upstream of the interacting domain (N40E) can disrupt this interaction (Fig. 11B) , it is Mutations in the GTPase domain yield a variety of interesting results. The N40E and G230E mutations cause a temperature-sensitive localization and morphological defects, indicating that this region is important for septin function (Fig. 9) . Interestingly, the G230E mutation generally still allows septin ring formation at the elevated temperature, but the rings are usually mislocalized to the bud tip. This indicates that this residue does not affect polarized targeting to the bud tip and might interact with a protein involved in targeting or maintenance of Cdc11 to the neck. A similar result has been observed previously for the bud neck proteins Cdc12, Myo1 and Chs2: all of these proteins mislocalize to the bud tip in a temperature-sensitive cdc3-1 strain grown at the restrictive temperature (50) . Presumably, these proteins are still targeted by the polarized secretory machinery but are not properly directed or anchored at the neck.
Mutation of the GTP-binding site so that Cdc11 can no longer bind GTP revealed a number of surprising results. This mutation did not affect the binding of Cdc11 to phospholipids or its cellular localization and had only a small effect on Cdc11 function. This result is unexpected, since this site is highly conserved in all septins. Perhaps the GTP binding of other septins can substitute for the lack of activity in Cdc11, thereby accounting for the lack of a detectable phenotype at 23°C and a modest defect at 37°C.
The mammalian H5 septin has been shown to require GDP for efficient phospholipid binding (66) . Therefore, it was unexpected that GST-Cdc11 G29A, G32A, G34A can still bind phosphoinositides even though it has reduced its ability to bind guanine nucleotides (Fig. 5A) . This finding is supported by the fact that incubation with either ␥-S-labeled GTP or GDP had no effect on the phospholipid-binding activity of Cdc11 (Fig.  5B) . Thus, the yeast Cdc11 protein appears to differ from the mammalian H5 protein. The difference between yeast and What is the role of the GTP-binding domain if it does not affect lipid binding or localization? Perhaps it plays a role in the dynamics of assembly or disassembly of septins. In this respect, septins may be similar to tubulin, where nucleotide binding controls microtubule assembly (45, 55) . Other similarities between septins and tubulin have been proposed previously (17, 18) . However, a recent study demonstrated that in vitro polymerization of different purified mammalian septins is not affected by the nucleotide-binding state of the septins (33).
Thus, if GTP binding is important for the kinetics of assembly or disassembly of septins in vivo, it must involve other factors.
The coiled-coil domain is not important for self-association but is important for association with other proteins. The carboxy-terminal coiled-coil domain is not required for Cdc11 interaction with itself or Cdc12. This result is not completely surprising, since there are septins that lack a carboxy-terminal coiled-coil domain (S. cerevisiae Cdc10) (18) yet still associate with the septin complex. However, the coiled-coil domain may help Cdc11 interact with Cdc3, since loss of the coiled-coil domain reduced the strength of this interaction in a two-hybrid assay (Fig. 10B) . Thus, presumably both coiled-coil interactions and noncoiled-coil interactions are important for septin filament assembly. Presumably multivalent interactions involving both domains lead to a strong, and stable cytoskeletal complex.
The coiled-coil domain may also help mediate interactions with other proteins, since loss of this region reduced binding to Bem4 and the coiled-coil domain by itself can directly interact with Bem4. Since the construct lacking the coiled-coil domain also bound Bem4 (Fig. 10B) , we suggest that the coiled-coil domain, together with other parts of the protein, contributes to optimal Bem4 binding. This coiled-coil domain may mediate functionally important protein interactions, since loss of this region resulted in a reduction of proper protein localization and in the formation of elongated and connected cells; particularly at higher temperatures in a cdc11-⌬ strain. After we submitted this manuscript, Lee et al. (37) published a study analyzing the role of the coiled-coil domain with different results and conclusions. As in our study, they found that the coiled-coil domain is not essential for interactions with other septins, since cells lacking this domain still interact with other septins in the two-hybrid assay. However, they did not observe any effect on protein localization or function upon deleting this region. The reason for this is not entirely clear but may stem from the fact that a wild-type construct was still present in these experiments. They used a cdc11-⌬ strain containing a pGAL1-GST-CDC11 plasmid and examined effects after growth on glucose for 1 h. The presence of the wild-type GST-Cdc11 that remained after growth in glucose or which is still expressed from the GAL1 promoter may have suppressed any observable defects. In our strains in which Cdc11
⌬347-415 -GFP or Cdc11 ⌬347-415 were expressed and wild-type Cdc11 protein was not present, aberrant cell morphologies and cytokinesis defects were readily apparent at 30°C and were even more severe at higher temperatures ( Fig. 3H and 7B ). These defects were significantly reduced in strains containing wildtype Cdc11 (Fig. 7G and 8A ). Fifty percent of cdc11-⌬ budded cells presented normal localization of Cdc11 ⌬347-415 -GFP; in contrast, 90% of CDC11 budded cells localized Cdc11 ⌬347-415 -GFP properly at 23°C (Fig. 8A) . Thus, the presence of the wild-type protein suppresses the defects of the mutant protein.
In summary, the coiled-coil domain of Cdc11 is necessary for interaction with one or more proteins important for its localization at the bud neck; this domain may also contribute to the stabilization of the septin complex at the neck.
A model for septin function. On the basis of the observations of this study, we propose the following model to describe the manner in which septins carry out their functions (Fig. 12A) . We propose that the septin basic region is required for general interaction with membranes. Interaction with other proteins may also be important for cortical association, because when the basic region is mutated, thereby destroying the phosphoinositide-binding activity, the protein is still found at the cortex. We also propose that Cdc11 homodimerizes through the central part of its GTPase domain. In fact, perhaps all septins function as rudimentary homodimers or heterodimers that assemble into higher-order structures (Fig. 12B) . The GTP-binding domain also has a role in neck targeting. Last, the coiledcoil domain may help promote specific interactions between several of the septins and mediate associations with other proteins. Cdc11
⌬347-415 , which lacks the coiled-coil domain, does not bind well to Cdc3, nor does it bind strongly to Bem4. Furthermore, the coiled-coil domain of Cdc11 can interact directly with Bem4. We propose that septin coiled-coil domain constitutes a protein interaction region and that distinct molecular interactions between this domain and that of many other proteins may enable the numerous and diverse protein associations underlying septin cytoskeletal function.
